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ABSTRACT

We have carried out a pulse arrival-time analysis of the archival Uhuru data from the 1971
transient outburst of the binary X-ray pulsar 4U0115+63. The 3.6 s X-ray pulsations are clearly
present in the data, and we show that the average fractional rate of change in pulse period over the 7
yr interval 1971-1978 corresponds to P/P=—2X10"° yr~'. This spin-up rate is consistent with an
average source luminosity ~20 times less than that observed during its flare state. The pulse arrival
times were tracked for ~79, and by combining these data with the 1978 SAS 3 orbital determination,
we place a limit on the advance of periastron in the 4U0115+63 system of &»<52°1 yr™ ! (95%
confidence). The analysis also yields an improved value for the orbital period, P, =2493162. The
constraints on the companion star imposed by the limit on apsidal motion are discussed.

Subject headings: pulsars — stars: individual — X-rays: binaries

I. INTRODUCTION

The tidal and rotational distortion of the stars in a
close binary stellar system results in an advance of the
longitude of periastron, or “apsidal motion,” of an
eccentric orbit. Moreover, the rate of apsidal motion is
sensitive to the internal mass distributions of the con-
stituent stars. The measurement of apsidal motion thus
provides one of the few experimental tests of models of
stellar interiors. In order for significant apsidal motion
to be observed, however, a relatively close binary system
with well-determined orbital parameters is required, and
thus far apsidal motion has been reliably measured in
only ~14 binaries (Kopal 1965; see Stothers 1974 for
more recent references).

Binary X-ray pulsars provide a potentially important
application of the apsidal motion test because of their
generally close orbits and the precision with which their
orbits can often be measured. Moreover, the neutron
star acts essentially as a point mass and therefore does
not complicate the interpretation of the results. Such
measurements can be important for the study of the
companions in X-ray binaries, which may have had a
significantly different evolutionary history from the
classical, non—X-ray binaries.

"This work was supported in part by NASA under contract
NASS5-24441 and by NBS under grant CST8380.

21980~81 Visiting Fellow, JILA, National Bureau of Standards
and University of Colorado.
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Of the seven X-ray pulsars for which binary orbits
have been determined, three have moderately eccentric
orbits: 4U0900—40=Vela X-1 (e~0.09; Rappaport,
Joss, and McClintock 1976; Rappaport, Joss, and
Stothers 1980), 4U0115+63 (e=0.34; Rappaport et al.
1978), and GX301—2=4U1223—62 (e~0.44; White,
Mason, and Stanford 1978; Kelley, Rappaport, and
Petre 1980). The orbit of GX301—2 has recently been
determined, but not with sufficient precision to permit a
measurement of apsidal motion in the near future.
Rappaport, Joss, and Stothers (1980) have analyzed data
from 4U0900—40 spanning ~3.5 yr and were able to
place an upper limit on the advance of the longitude of
periastron (&©53°8 yr~') and a corresponding upper
limit on the apsidal motion constant (log k< —2.5).
These limits are found to be consistent with the value of
k expected for the B0.5 Ib companion star HD 77581,
provided that the effective surface temperature 7, is
greater than ~20,000 K. It is anticipated that apsidal
motion will be detectable in the 4U0900—40 system in
the next decade.

The orbit of the X-ray pulsar 4U0115+63 was de-
termined by Rappaport et al. (1978) following the dis-
covery of the 3.6 s X-ray pulsations by Cominsky et al.
(1978a) during the second recorded flare-up of the
source. The orbital parameters were determined with
sufficient precision to allow for a measurement of apsidal
motion if a second observation of the source could be
made. Unfortunately, 4U0115+63 has not been ob-
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served to be active since its 1978 outburst. We have
therefore resorted to an analysis of the archival Uhuru
data of the first recorded outburst of this source in early
1971. The results of this analysis are combined with the
1978 SAS 3 observations to search for apsidal motion
over the 7 yr interval between the transient events. From
this analysis we have (1) measured the intrinsic pulse
period in 1971, and thus the net change in pulse period
over the subsequent 7 yr interval, (2) determined the
time of periastron passage in 1971 which yields an
improved value for the orbital period, and (3) placed an
upper limit on possible apsidal motion (& <2°1 yr %
95% confidence). The implications of this limit for the
properties of the companion star are discussed.

II. OBSERVATIONS

The X-ray source 4U0115+63 was observed by Uhuru
on several occasions between late 1970 December (just
after launch) and mid 1971 February, during which time
the source was in a high luminosity state. The satellite
was operated its nominal mode of spinning about a
fixed axis once every 12 m, and recording X-ray data in
two sets of proportional counters that point in opposite
directions and also normal to the spin axis (Giacconi
etal. 1971). The two sets of proportional counters are
collimated to 0952X 592 and 5°2X5°2 (FWHM), and
are designated side 1 and side 2, respectively. A given
source is detected for ~2 s with side 1 and for ~20 s
with side 2 during each scan.

Throughout the ~2 month observing interval, more
than 100 scans across 4U0115+63 were obtained. Most
of the high quality data, however, were obtained during
a one week interval. We have selected only the data
from side 2 in order to obtain the greatest possible
source exposure. The time resolution was 0.384 s and the
energy range 2-10 keV. For 66 of the scans across
4U0115+63 the satellite orientation and source intensity

yielded data with sufficient counting statistics to be
useful in the analysis. During several of the scans in
which the count rate is particularly high, the 3.6 s
pulsations are apparent in the raw data. For purposes of
the pulse arrival-time analysis, the data were divided
into a total of 11 groups with an average of six scans per
group; these are listed in Table 1. The number of scans
in each group was chosen to maximize both the availa-
ble counting statistics (for computing the pulse profiles)
and the total number of resultant profiles. The total
time interval spanned by the data set is 793.

III. ANALYSIS AND RESULTS

In order to estimate the pulse period during the
Uhuru observations we folded all of the data on day 390
of 1970 (=1971 January 25), during which time the
source was particularly bright, modulo trial pulse peri-
ods in the range 3.59<P<3.64 s and computed x>
values with respect to the mean count rate of the folded
data. The result of this procedure is shown in Figure 1.
The effects of three relevant frequencies in the data are
clearly evident. The highest peaks are due to the 3.6 s
pulsations and the sidebands that result from the 12 m
rotation period of the satellite (AP =0.018 s). The
smaller peaks flanking the larger peaks are the side-
bands of the 96 m orbital period of the satellite (AP =
0.002 s).

To determine which of the larger peaks corresponds
to the true pulse period, we note that even if the source
had been in an active state for the entire 7 yr interval
(1971-1978), and during this time the pulsar had been
spinning up at the rate measured in 1978 (Table 2), the
1971 pulse period would differ from the 1978 value by
only 0.8 ms. The central peak in Figure 1 corresponds to
a pulse period that is within 0.2 ms of the 1978 value,
while the other two large peaks lead to an implausibly
large change in pulse period (AP ~18 ms). Moreover,

TABLE 1
4U0115+63 PULSE ARRIVAL TIME DATA

Group Time Interval® Number of Scans Pulse Arrival Times® Pulse Number®
| SO 386.0795-386.1564 6 386.1149571 0} +An=0.1.2
2. 386.1644-386.2329 6 386.1997736 2,028 ) — o
3. 390.1544-390.2574 4 390.2067705 97,829
4...... 390.3168-390.4029 5 390.3658502 101,632
5. 390.4538-390.5400 6 390.4977818 104,786
6...... 390.5996-390.7893 6 390.6837628 109,232
Tooen. 391.2452-391.3921 6 391.3194380 124,428
8...... 392.0649-392.2381 5 392.1677753 144,707
9...... 392.2465-392.3849 5 392.3370833 148,754
10...... 392.7901-392.9374 7 392.8712419 161,522
... 393.0578-393.3777 10 393.2261012 170,004

2Days of 1970; day 0.0 UT of 1970=1D 2,440,586.5.
bHeliocentric arrival time.

°The pulse numbers for groups 1 and 2 relative to those for groups 311 are uncertain to within a small

integer (see text).
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632 KELLEY ET AL. Vol. 251
TABLE 2 TABLE 3
PARAMETERS FOR THE 4U0115+63 BINARY THREE-PARAMETER FIT TO PULSE ARRIVAL
X-RAY SYSTEM MEASURED DURING THE TiMEs FRoM 4U0115+63%
1978 OUTBURST?
Nine Arrival Times
Parameter Value
PGS).cvnnnnnn. 3.614658 +0.000036
a,sini...... 140.13£0.16 1t-sec ™ 377.08+0.17
) 24430909021 X 1.20
K, ... 133.65+0.20 kms ™! B/P(yr™") —(33=1.4X107°
fM) ... 5.007+0.019 Mo Po(d) ........ 24.3148+0.0016
€.t 0.3402+0.0004
7 I, 47°66+0°17 Eleven Arrival Times
Toeieenannns JD 2,443,540.951 =0.006 An=0
P° ... 3.61457370.0000009 s
B/P........ —(32%0.8)X10 3 yr~! P(S) oennnnnnn. 3.6146246 0.0000043
™ 376.930+0.025
2From Rappaport et.al. (1978). Quoted XoS e 1.05
uncertainties are approximate single- P/P(yr™Y) ... —(202%0.17)x107¢
parameter 95% confidence limits. Po(d........ 24.3162+0.0002

®The pulse period is referred to an
epoch of JD 2,443,521.0.

the Doppler variations due to the pulsar orbit can shift
the location of the peak by no more than 2 ms. We
therefore conclude that the central high peak in Figure 1
corresponds to the true pulse period.

The data from each of the 11 groups of scans (Table
1) were next folded modulo the apparent pulse period
for that group to obtain a pulse profile. The pulse
profile with the best counting statistics was selected as
the template profile against which the remaining profiles
were cross-correlated to obtain the pulse arrival times

80 4Upl IS*GI’?
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Fi1G. 1.—Pulsation periodogram for 4U0115+63 produced from
data recorded with the Uhuru satellite on 1971 January 25. For
each trial pulse period the reduced x? value of the folded light
curve with respect to a constant (mean) count rate is displayed.
The effects of three frequencies are evident in the periodogram.
The large peaks are due to the 3.6 s X-ray pulsations with sidelobes
that result from the 12 m rotation period of the satellite. The
smaller peaks are sidelobes due to the 96 m orbital period of the
satellite. The large peak at 3.614 s represents the true pulse period
of the source (see text).

#Uncertainties are approximate single
parameter 1 ¢ confidence limits.

®Days of 1970; day 0.0 UT of 1970=
ID 2,440,586.5.

“The number of degrees of freedom, »,
is 6 and 8 for nine and 11 arrival times,
respectively.

(see, e.g., Rappaport, Joss, and McClintock 1976;
Rappaport et al. 1978). The arrival times were corrected
for the Earth’s motion about the Sun and are listed
along with the corresponding pulse numbers in Table 1.
Because of the ~4¢ gap in the data between days 386
and 390, we are unable to determine uniquely the pulse
numbers of the two arrival times on day 386 relative to
those on days 390-393. In the orbital fits discussed
below we have therefore considered various choices for
the pulse phasing between days 386 and 390 (indicated
by An in Table 1).

To determine the orbital parameters for the 1971 data
we have carried out x? fits of the pulse arrival times to a
function of the form

t,=ty+Pn+a, siniF(0,e,w). 8]

Here ¢, is the arrival time of the nth pulse, ¢, is a
constant, P is the intrinsic pulse period, and a, sin i is
the projected semimajor axis of the neutron star orbit.
The function F describes the Doppler delays in a
Keplerian orbit with eccentricity e, longitude of perias-
tron w, and mean anomaly 8 =2x(¢t—7)/P,,, where 7 is
the time of periastron passage and P, is the orbital
period. We have not included a term involving the
change in intrinsic pulse period in equation (1) since the
value of P determined in 1978 (Table 2) would lead to a
cumulative time delay of ~0.2 s over the 793 observing
interval, and can therefore be marginally neglected.?

3We have verified the validity of this approximation by carrying
out orbital fits to the data in which P was included as a fixed
parameter. No significant changes in the orbital parameters were
found for assumed spin-up rates up to 10 times the 1978 value
(Table 2).
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TABLE 4
FOUR-PARAMETER FIT TO PULSE ARRIVAL TIMES FROM 4U0115+63*
ELEVEN ARRIVAL TIMES
NINE ARRIVAL TIMES An=1 An=0 An=-—1
P()oevenannnn. 3.614678 +=0.000087 3.614697+0.000012 3.614640+0.000019 3.614590=0.000040
™ 376.8+1.0 376.65+0.39 377.31+0.40 378.00+0.56
©(deg) ......... 43.6=159 40.7=3.8 51.1=3.6 61.9+43
X2 1.43 1.31 1.06 1.22
P/P(yr™h —(4.1%3.5)%x107¢ —(4.89+0.48)X 1076 —(2.63=0.75)X 1076 —(0.65=1.59)x107°
Ppd......... 24.315+0.014 24.3144+0.0044 24.3149+0.0044 24.3153+0.0060
& (degyr™h) 0.58+2.28 1.00+0.55 —0.49+0.52 —2.04+0.62

#Uncertainties are approximate single parameter 1 ¢ confidence limits.

bDays of 1970; day 0.0 UT of 1970=JD 2,440,586.5.

®The number of degrees of freedom, », is 5 and 7 for nine and 11 arrival times, respectively.

The values of a, sini, P, and e were held fixed at the
values obtained in 1978 (Table 2) since these quantities
are expected to change significantly only on time scales
of =108 yr (see, e.g., Lecar, Wheeler, and McKee 1976;
Zahn 1977). For the first set of fits we also held the
value for the longitude of periastron fixed at its 1978
value (Table 2). The free parameters in the initial fits
were thus ¢,, P, and r. The approximate 1 o errors
assigned to each arrival time were determined em-
pirically to be ~100 ms (see Rappaport, Joss, and
McClintock 1976).

Because of the ambiguity in determining the pulse
numbers for the arrival times on day 386 relative to
those on days 390-393, we first carried out fits to only
the nine pulse arrival times during the latter interval.
The results of these fits are listed in Table 3. For the fit
with nine arrival times, the value of x? is adequately
small, indicating that these data do not require a large
change in the longitude of periastron between 1971 and
1978. When compared to the 1978 values, the best-fit
values of P and 7 lead to P/P=—(33=14)X107¢

yr~! and P,,=2493148+090016 (1 o uncertainties).
The value of P, , defined here as the difference between
times of periastron passage divided by the number of
orbital cycles (1971-1978), is in agreement with the
value determined in 1978 (Table 2) but is more precisely
determined.

When three-parameter (#,, P, 7) fits were carried out
to all 11 arrival times, only the pulse numbers with
An=0 for the two arrival times on day 386 yielded
acceptable x? values. The best-fit parameters with An=0
are also given in Table 3. The net change in the pulse
period over the 7 yr interval corresponds to an average
spin-up rate of P/P=—(2.0=0.2)X1076 yr~!. This is
more than an order of magnitude smaller than the value
obtained during the 1978 flare state. An improved value
for the orbital period, P, =2493162=090002, is also
obtained from this fit.

We next included w as a free parameter and again
computed fits to nine and 11 arrival times. In the case of
the fit to nine arrival times, we obtain w =43°6+=15°9
(Table 4) which is consistent with no apsidal motion

200 T T T T T T T T T T T T T
150} 4
5
2 100F 1 4oo§
& sof 12008
< o F
> k=]
o
3 -50} -2oo§
5 - 100F 1-400%
g 2
S - 150f . a
-200f i
—2500
380 384 388 392 396 400 404 408
Days of 1970

F16. 2.—Heliocentric pulse arrival-time delays of 4U0115+63 with respect to a constant pulse period. The solid curve corresponds to the
best-fit orbital solution with An=0 (Table 4). The values of a, sin i, P, and e used in the fit are from Table 2 (see text). The errors plotted

for each point are ~70 times larger than the actual uncertainties.
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F1G. 3.—The average pulse profile of 4U0115+63 in the 2-10
keV range. The data have been folded modulo the best-fit pulse
period for the case where An=0 (Table 4), and with the effect of
the binary orbit removed. The dashed line indicates the level of the
nonsource background.

over the 7 yr interval (&0<S5° yr ', 2 0). When we
include all of the 11 arrival times in the fits, we obtain
acceptable values of x?2 for three different assignments
of pulse numbers on day 386. For the cases where
An=1, 0, and —1, values of x>=1.31, 1.06, and 1.22
were obtained, respectively (Table 4). For the case with
An=—1, the inferred value of &=—2°0+0% yr '
implies a significant decrease in the longitude of perias-
tron with time, which is opposite in sign to that gener-
ally expected for an apsidal motion resulting from a
quadrupole interaction* (but see Appendix). We there-
fore tentatively reject the An=—1 solution as physically
implausible. The An=0 solution yields a value for &
consistent with zero, ©$0° yr~! (2 o), and, as in the
three-parameter fits discussed above, yields the best
minimum x? value. The An=1 solution, however, is also
acceptable and yields ®<<2°1 yr~' (2 o). Because we
cannot distinguish statistically between these latter two
solutions, we adopt as an upper limit to apsidal motion
®@2°1 yr! (2 o). The values of the orbital period
given in Table 4 are obtained from the relation P, =
Pp’e,'+Pa;;, where P, is the time between successive
periastron passages and P, ;=2 /& is the time for the
longitude of periastron to precess through one complete
cycle.

In Figure 2 we show the Doppler delays correspond-
ing to the An=0 solution in Table 4 along with the 11
measured pulse arrival times. Also shown are the residu-
als from the fit.

4An advance in the longitude of periastron (&>0) is expected if
the axis of rotation of the companion is at least ~35° out of the
orbital plane (see, e.g., Smarr and Blandford 1976).

Vol. 251

The mean pulse profile for the 1971 data was ob-
tained by folding all of the data while correcting for the
orbital delays (using the An=0 solution, Table 4) and is
shown in Figure 3. The pulse profile (2-10 keV) is
essentially the same as that obtained by Johnston et al.
(1978) with the A-3 experiment aboard HEAO 1, al-
though there does appear to be a slight enhancement in
the X-ray emission at phases 0.7-0.9 (Fig. 3). The
pulsed fraction in the 2-10 keV range, as defined by
Johnston et al. (1978), is ~30%, which is in agreement
with the typical 1978 values.

IV. DISCUSSION

The binary companion of 4U0115+63 has been iden-
tified as a Be star that may be rapidly rotating and
probably lies along or near the main sequence (Johns
et al. 1978; Hutchings and Crampton 1981). The mea-
sured orbital parameters and transient nature of
the source (Forman, Jones, and Tananbaum 1976; Com-
insky et al. 1978b; Rappaport et al. 1978) indicate that
the companion star probably does not fill its critical
potential lobe, even at periastron passage. Instead, the
identification with a Be star suggests that the mass loss
necessary to drive the accretion may occur through the
ejection of matter in an equatorial disk or circumstellar
shell. Evidence for this type of phenomenon in the
pulsing X-ray source GX304—1 has been reported by
Parkes, Murdin, and Mason (1980).

Under the assumption that no significant apsidal
motion has occurred (Table 3; 11 arrival times), the
average fractional change in pulse period over the inter-
val 1971-1978 is P/P=—(2.0=0.2)X 1076 yr~'. Based
on the accretion torque model of pulse period changes
(Pringle and Rees 1972; Lamb, Pethick, and Pines 1973;
Rappaport and Joss 1977; Ghosh and Lamb 1979), this
spin-up rate is consistent with an average source
luminosity that is ~20 times less than during the active
states (Cominsky et al. 1978b; Rose et al. 1979). A high-
sensitivity observation of the source during its quiescent
state may be quite useful in testing the predictions of the
accretion torque model over a wide range of spin-up
rates and X-ray luminosities. The measured value of the
orbital period, P,,=2493162=090002, represents an
improvement by a factor of ~50 over the 1978 period
determination (Table 2). The more accurate period will
enable future observations of very brief duration (<19)
to yield precise determinations of the intrinsic pulse
period because the orbital phase can now be predicted
to better than 1° for the next several decades.

The measured limit on & discussed in § III (52°1
yr~!) can be used to set corresponding limits on the
apsidal motion constant of the companion star (Cowling
1938; Sterne 1939). The expression relating the apsidal
motion constant to the rate of periastron advance is
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o=25 (2 ) Tisgser+ 021+ s(e)], @

where it has been assumed that the spin angular
momentum of the companion star is parallel to the
orbital angular momentum. In this expression ¢ is the
ratio of the neutron star mass to the companion star
mass, R is the mean radius of the companion star, q is
the full semimajor axis of the orbit (a,+a,), and @ is
the ratio of the rotational angular velocity of the com-
panion to the orbital frequency (27 /P, ). The quanti-
ties f(e) and g(e) are dimensionless functions of the
orbital eccentricity and are given by

f(e')=(1+%e2+%e")(1—e2)—5 (3)
and

gle)=(1-¢?)"".

The apsidal motion constant, k, represents a one-

60
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parameter description of the internal matter den-
sity distribution of the companion star (see, e.g.,
Schwarzschild 1958). (The contribution to apsidal mo-
tion in the 4U0900—40 system from the rotational dis-
tortion of the primary, HD 77581, was neglected in
Rappaport, Joss, and Stothers 1980. However, this omis-
sion did not affect any of their results or conclusions.)

For the 4U0115+63 system, the parameters of the
companion star are not sufficiently well known to allow
a unique limit on k£ to be set. We have therefore com-
puted contours of constant upper limits on k, k., in
the mass-radius plane for various choices of the rotation
parameter . To compute these contours of k., we
assume a typical neutron star mass of 1.4 M (see, e.g.,
Rappaport and Joss 1981) and use the measured values
of a,sini, P, and e (Table 2). The full semimajor axis
a of the binary system can be expressed as

a=a,sini(l+q)/sini, 4)
and for each choice of M, a value for the orbital

inclination angle can be determined from the measured
mass function (Table 2):

sin’ i=f(M)(1+4)°/M,. (5)

90° ?O“ 4|5°

50

Eclipse
Limit

Radius (Ry)
o

707

| |

40 50 60

Mass (M)

F16. 4.—Upper limits (solid contours) on the apsidal motion constant, k,,, plotted in the mass-radius plane of the companion for the
4U0115+63 system. The limits are deduced from the measured upper limit on apsidal motion (S2°1 yr™!) and the assumption of a
nonrotating companion (see egs. [2—5]). Each contour is labeled with the value of log k ,,. The lower mass limit at ~7 M, is obtained from
the measured mass function (Table 2) and the assumption of a neutron star mass equal to 1.4 M,. Several representative values of the orbital
inclination angle are indicated along the upper abscissa; these have a unique correspondence with the values of stellar mass shown along the
bottom axis. The eclipse and tidal limits represent the maximum radii of the companion star before eclipses would be observed (for a
spherical companion), or before the star would overfill its tidal lobe, respectively. The dashed contours are calculated values of log k for stars
with 7,=20,000 K (see text). There are no realistic stellar models with log k= — 1.73. For lower values of T, the contours of calculated values
of k shift to the left. The approximate range of masses and radii for standard main-sequence stars is indicated by the shaded region.
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By combining equations (2)-(5) we obtain the contours
of constant log k., shown in Figure 4 (solid curves) for
the case 2=0.

For a fixed limiting value of &, the limit on k be-
comes more restrictive with increasing @ (eq. [2]). To
obtain the strongest possible limit on k, we have com-
puted the contours of k.. under the assumption that
for each mass and radius, the companion star is rotating
at the maximum rate, @=8_,,, consistent with not
overfilling its critical potential lobe at periastron pas-
sage. The functional form of the effective potential in an
eccentric orbit is given by Avni (1976). The effective
radius of the critical potential lobe is taken to be the
radius of a sphere whose volume is equal to that of the
critical potential lobe. We note that since the companion
may be a rapidly rotating Be star, the above assumption
may not be too unrealistic (see, e.g., Slettebak 1979;
Hutchings, Nemec, and Cassidy 1979). The values of
log k.« computed under the assumption of “rapid”
rotation are shown in Figure 5 (solid curves). Values of
Q,..x in Figure 5 range from 0 along the “tidal limit”
curve to ~8 and ~50 roughly along the curves for
log k.= —2.0 and — 1.0, respectively.

Also shown in Figures 4 and 5 are the contours of log
k (dashed curves) calculated for a range of stellar mod-

Vol. 251

els with a representative surface temperature, T,, of
20,000 K (Hutchings and Crampton 1981; see Stothers
1974 and Rappaport, Joss, and Stothers 1980 for a
description of the methods and assumptions used in
computing the apsidal motion constants). For the case
where £ =0 (Fig. 4), the measured limits on k are seen
to be 1-2 orders of magnitude larger than the computed
values, so that no apsidal motion should have been
detected and no useful constraints on the mass and
radius of the companion star can be set. For example, a
typical value of & expected for an early-type main-
sequence companion (M ~15 My, R~10 Ry) is ~03
yr ~!, whereas our limit on & is 2°1 yr ~.

For the case with Q=8 _,, (Fig. 5), the effects of
uniform stellar rotation on the calculated values of k
were taken into account using the technique described
by Stothers (1974). In this case of “rapid” rotation the
measured limits on k,,, are of the same order of magni-
tude as the calculated values. In particular, note that
companion stars that lie to the right of the hatched line
(Fig. 5) have measured upper limits on k that are smaller
than the computed values, and can therefore be ex-
cluded (for 7,=20,000 K). Similar calculations for T,=
15,000 and 25,000 K show that the hatched line moves
to lower and higher masses, respectively, by ~10 M.
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FI1G. 5.—Upper limits (solid contours) on the apsidal motion constant, k., plotted in the mass-radius Plane of the companion for the
4U0115+63 system. The limits are deduced from the measured upper limit on apsidal motion (<2°1 yr™') and the assumption that the
companion star is rotating at the maximum rate consistent with it not overfilling its critical potential lobe at periastron passage. The size of
the critical potential lobe, R, is computed from the expression for the potential given by Avni (1976). The effective stellar radius of the star
and R, are defined as radii of spheres whose volumes equal those of the companion star and critical potential lobe, respectively. The dashed

“contours are the same as in Fig. 4 except that they have been derived for the case of rapid uniform stellar rotation using the technique

described by Stothers (1974). In this case there are no stellar models with log k= —2.0. For companion stars to the right of the hatched line,
the values of k,, are smaller than the calculated values of k, and therefore this region of the mass-radius plane is excluded. All other
notation is the same as in Fig. 4.
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In particular, for 7,=15,000 K the range of allowed
parameters for the companion star is reduced to a
narrow strip in the mass-radius plane.

In summary, we conclude that apsidal motion would
have been detectable in the 4U0115+63 system if the
companion were a rapidly rotating star with M, =30 M,
that had evolved off the zero-age main sequence. For
smaller masses or slower rotation rates, apsidal motion
should not have been detectable. Another orbital de-
termination in the future, with the same precision as the
1978 measurement, should enable us to easily measure
apsidal motion if the companion star is rapidly rotating.
Apsidal motion will also likely be detectable for most
nonrotating companions. Such X-ray observations, cou-
pled with optical observations to measure the rotational
velocity of the companion, should lead to a determina-
tion of the apsidal motion constant for a star that may
be relatively unevolved in an X-ray binary system.

APSIDAL MOTION IN 4U0115+63 637

We have recently learned of a new X-ray outburst
from 4U0115+63 that occurred in 1980 December and
was observed with Ariel 6 for a total of ~12¢ (Ricketts
and Pounds 1981). It is quite possible that when these
new data are analyzed, and the results combined with
those presented here, apsidal motion will be detectable.
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APPENDIX

THE EFFECT OF STELLAR OSCILLATIONS ON THE RATE OF APSIDAL MOTION

Papaloizou and Pringle (1980) have suggested that possible resonances between orbital motion and stellar
oscillations can seriously influence the rate of apsidal advance in a close binary system (perhaps even reverse the rate).
The importance of their effect depends principally on the system having a large value of R /a, as in a standard tidal
calculation. To obtain effective resonances in which significant amounts of energy are involved, the relevant modes of
oscillation must be of quite low order. As Papaloizou and Pringle have demonstrated, the relevant modes will in
general be nonradial g-modes or their rotational equivalents.

The 4U0115+63 system is characterized by 0.1 SR _/a50.3 and 0.025¢50.20. The dimensionless quantity

27\ R} R,\?
(P_,,,) GMC_(H—q)(F)

O

is thus in the range 0.001-0.03. For a significant resonance to occur, this quantity must be of the same general order as
the analogous pulsational quantity, (2w/Ppnl)2 R3/GM.. Ignoring the effect of axial rotation on the modal spectrum,
we find that an assumed range of 0.001-0.03 corresponds to an extremely high-order g-mode, even for the most
favorable case in which a very low degree / of the spherical harmonics is involved in the oscillations and the star has a
very low central condensation (see, e.g., Smeyers 1967; Osaki 1975; Stothers 1976). By assuming that quadrupole (/=2)
oscillations are excited and that the star may be approximated by a polytrope of index n=3, we can infer from the
work of Vandakurov (1968) on nonradial oscillations of polytropes that the order of the potentially resonant g-modes
for the B star in 4U0115+63 must be in the range 37<5j<<218. It is therefore clear that stellar oscillations cannot
significantly affect the apsidal motion in this particular binary system, unless the B star is rotating very rapidly, in
which case the tidal forcing frequency at any point on the star is very high and possibly in resonance with a very low
order g-mode (Papaloizou and Pringle 1981). ,

For the 4U0900—40 system containing a slowly rotating B0.5 supergiant, Papaloizou and Pringle (1980) have
formally demonstrated the existence of an orbital resonance with low-order (j~3) pulsational g-modes by assuming a
polytrope of index n=3 for the stellar model. Although this assumption is acceptable for a zero-age main-sequence
star, the B0.5 supergiant in this system has probably evolved close to, or more probably beyond, the end of the
main-sequence phase (as Papaloizou and Pringle were aware). The higher central condensation and the denser
spectrum of quadrupole pulsational modes for such an evolved star (e.g., Osaki 1975; Stothers 1976) resemble the
corresponding properties for a polytrope with an index of at least n=3.5 (Robe 1968). It should be pointed out here
that there exist large structural differences between polytropes of index n=3 and n=3.5. Since 4U0900—40 has
(27/P,)* R3/GM_~0.23, the potentially resonant quadrupole g-modes of the supergiant must be at least of order
j=22 for P, =P, (Vandakurov 1968). Even for P,;/Pyy,=1/3 (a ratio suggested by Papaloizou and Pringle), the
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order of the potentially resonant modes would be at least j~7 (Robe 1968). It is unlikely that such high modes could

have a large effect on the rate of apsidal motion.

It would seem that the resonance effect suggested by Papaloizou and Pringle (1980) may have little influence in the
early-type X-ray binary systems that have so far been studied, unless the rotational effects on the g-mode spectrum are
unexpectedly large and in the right direction, or unless the toroidal modes (which have not been calculated so far) have
important resonances. However, further work based on more realistic stellar models is necessary to decide on this

question.
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